In this study, we show that dry saturated phospholipid layers prepared by the spin-coating technique 13 could present thinner regions associated to interdigitated phases under some conditions. The 14 morphological characteristics of lipid layers of saturated phosphocholines, such as 15 dilauroylphosphatidylcholine (DLPC), dimyristoylphosphatidylcholine (DMPC), 16 dipalmitoylphosphatidylcholine (DPPC) and distearoylphosphatidylcholine (DSPC), have been measured 17 by Atomic Force Microscopy and revealed that the presence of interdigitated regions is not induced by 18 the same parameters that induce them in hydrated samples. To achieve these results the effect of the 19 lipid hidrocabonated chain length, the presence of alcohol in the coating solution, the spinning velocity 20 and the presence of cholesterol were tested. We showed that DPPC and DSPC bilayers, on the one side, 21 can show structures with similar height than interdigitated regions observed in hydrated samples, while, 22 on the other side, DLPC and DMPC tend to show no evidence of interdigitation. Results indicate that the 23 presence of interdigitated areas is due to the presence of lateral tensions and, hence, that they can be 24 eliminated by releasing these tensions by, for instance, the addition of cholesterol. These results 25 demonstrate that interdigitation in lipid layers is a rather general phenomena and can be observed in 26 lipid bilayers in dry conditions. 27
Introduction
1 Model lipid membranes have been widely used to facilitate the comprehension of natural membranes 2 properties by reducing complexity and simplifying their preparation [1] [2] [3] [4] [5] [6] [7] . They allow, under 3 experimentally well controlled conditions, the reconstruction of membrane structures, the study of the 4 interactions between specific membrane components and also the effect of other elements (e.g. ions, 5 proteins, drugs, etc.). 6
Apart from these fundamentals studies, model lipid membranes have also been used as platforms for 7 other applications, such as lipid-assisted assays and biosensors [8] [9] [10] [11] . In these applications, the 8 resistance and morphological stability in dried or low humidity environments is an important feature. 9
But, at present, relatively little information is available on the nanostructure of dry lipid bilayers, as most 10 of the studies performed so far have focused on the production and analysis of hydrated lipid bilayers. 11
In recent years, the use of the spin-coating technique has allowed obtaining high-quality and 12 morphologically stable dry lipid layers in air [12-17] on different supports [18] [19] [20] . This advancement 13 opened the possibility to address its nanoscale and nanomechanical properties in a reliable and 14 relatively simple way. Dry and stable single component lipid layers of DOPC and SM have been produced 15 as well as binary and ternary mixtures containing cholesterol, including lipid raft models such as DOPC/ 16 SM/ Chol [21, 22] . The study of these systems showed the presence of liquid disordered, liquid ordered 17 and gel phases in dry lipid samples, with morphological properties (e.g. layer thicknesses) in similarity to 18 those observed on the same systems under hydrated conditions and prepared by different techniques 19 such as, the vesicle fusion [23], Langmuir-Blodgett/Schäfer [24] , microcontact printing [25] or lipid dip-20 pen nanolithography [26] . 21
In the present study we investigate a subtler phenomena, i.e. the presence/absence of thinner regions 22 associated to interdigitated phase (L β I) in saturated phosphocholines in dry conditions. Interdigitated 23 phases have been widely observed on hydrated lipid bilayers. This phase consists of a thinning of the 24 bilayer height, which could be partial or of the total area [27, 28], due to the interpenetration and 25 disorder or tilting of the acyl chains and tilt of their angle [27, [29] [30] [31] [32] [33] . Derived from that there is also an 26 expansion of the bilayer area laterally [29, 34, 35] . This phase is produced in phosphatidylcholines in 27 solution due the presence of alcohols [27, 28, 32, 34, 35] , volatile anesthetics [36, 37] or by the presence 28 of an abnormal pressure, such as, the interaction with the substrate or the presence of lateral tensions 29 [28, 38, 39] . Moreover, it is known that Cholesterol and other sterols play a role in the interdigitating 1 process enhancing or reducing the effect of ethanol depending on the sterol content [38, [40] [41] [42] . 2
The existence of an interdigitated phase in dry lipid layers has not been reported to date. In this study, 3 we precisely show that dry saturated phospholipid layers prepared by the spin-coating technique can 4 present thinner regions associated to interdigitated phase in some conditions. Atomic Force Microscopy 5 (AFM) offers the appropriate lateral and vertical resolution to characterize lipid bilayers in different 6 media, air or liquid, and to distinguish heights corresponding to different lipid phases [38, 43, 44] . In fact 7 the value of these characteristic heights, has been used extensively in literature to estimate the phase 8 present in a sample and also the presence of interdigitated regions [28, 35] . In this study, we 9 investigated by AFM the morphology of lipid layers prepared by the spin-coating technique in dry air and 10 the influence of different parameters in the presence of these thinner regions, such as, the phospholipid 11 chain length, and consequently of different transition temperatures T m , the presence of alcohols in the 12 coating solution, the spinning velocity and the cholesterol concentration. Fig.1) . Apart from the surface-covering dependence, described previously [21, 22, 46] , the most 26 relevant feature of these images is the existence of some characteristic heights. In particular, the 27 histogram analysis reveals the presence of a single characteristic height equal to 4.5 ± 0.5 nm for DLPC 28 ( Fig. 1A) and to 4.9 ± 0.5 nm for DMPC ( Fig 1B) , independently of the number of bilayers. These values 29 are in agreement with single bilayer thickness measurements performed on the samples with the same 1 composition under hydrated conditions even with different preparation method (vesicle fusion) [47, 48] . 2 Instead, Figs. 1C and 1D corresponding to the DPPC and DSPC samples, respectively, exhibit bilayers with 3 two characteristic heights in each of them. The lower heights were 3.7 ± 0.4 nm and 3.8 ± 0.6 nm, while 4 the thicker ones were 5.6 ± 0.5 nm and 6.3 ± 0.7 nm (Fig.1F) , for DPPC and DSPC, respectively. The later 5 values are in agreement, again, with the bilayer thickness values reported for DPPC and DSPC hydrated 6 samples from vesicle fusion [28, 43, 49, 50] . They also agree with the well-known linear relationship 7 between bilayer thickness and acyl chain length [50] (dashed line in Fig.1-F) . Concerning the lower 8 height values observed in these samples, their values are higher than that of a monolayer, thus allowing 9 discarding the presence of partial delamination. These values perfectly match values reported in the 10 literature for interdigitated phases in hydrated supported lipid bilayers [28] (see Fig. 2 ). This indicate 11 that interdigitation could be also present in phospholipid bilayers in dry conditions. 12 
Effect of the lateral tension (spinning parameters) in the presence of interdigitated regions 9
In hydrated samples the interdigitated phase induced by lateral tension (L β 'I T ) is produced when the 10 sample is exposed to a temperature above Tm and rapidly cooled below Tm. The interdigitation is then 11 produced due to the action of two factors: the substrate surface-lipid interaction and the tension 12 created by having to pass from covering a large area to cover a smaller one in a short period of time [38, 13 39 ]. If the transition is not slow enough, the covered surface is larger than the expected for a solid phase 14 and the bilayer cannot maintain its structure. For this reason, interdigitation over larger areas, requiring 15 a higher area per molecule, is obtained. 16
During the spin-coating procedure the temperature was not changed. Therefore, another parameter 17 should be responsible for changing the lateral tension of the sample. A clear candidate is the rotation 18 speed or the acceleration of the spin-coating process. This hypothesis is compatible with the absence of 19 interdigitated regions in DLPC and DMPC. These samples are in fluid phase at the working temperature 20 and their lateral mobility is higher than DPPC and DSPC samples. Hence, they can recover their 21 configuration independently of the effect of the lateral pressure. 22
To test the possible effect of the rotation speed on the presence and structure of the interdigitated 23 regions, we have prepared DPPC samples at various rotation speeds. In Fig. 4 The samples prepared at 200 rpm, 300 rpm and 500 rpm showed large areas of background monolayer 5 uncovered and also stacks of bilayers with heights corresponding to L β I and L β . For higher rotation 6 speeds (1000 rpm and 3000 rpm) the fraction of exposed monolayer became smaller, the height of the 7 bilayers stacks is also reduced but the presence of the interdigitated phase was still noted. On the other 8 side, heights corresponding to interdigitated regions were not found for the sample prepared at 9 5000rpm. 10
These results indicate that at higher rotation speeds the fraction of interdigitated regions decreases. We 11 speculate that higher rotation speeds could facilitate the layer rupture reducing the lateral tension of 12 the bilayer and hence decreasing the fraction of the interdigitate phase L β I. Therefore, the interdigitated 13 area would be affected by the rotation speed used to prepare the sample and it could be reduced or 14 increased by adjusting this parameter properly. 15
Effect of cholesterol 16
Cholesterol is known to affect interdigitation in hydrated samples [38, [40] [41] [42] Samples with 0-10% Chol (Fig.4, Fig. 5A a, Fig. 5B and 5C) presented coexistence of two heights 12 associated to interdigitated and non-interdigitated regions, except samples prepared at 500 rpm ( Fig.4  13 and Fig.5A.1a ) in which only heights around 4 nm (assigned to interdigitated regions) were observed. At 14 20% Chol samples ( Fig. 5A b, Fig 5B, Fig 5C) presented again coexistence, except the sample prepared at 15 1000 rpm in which only L β was represented (image not shown, Fig. 5B-C) . At 30% of Chol all samples 16 presented heights in accordance with L β independently of the rotation speed used, without observable 17 presence of interdigitated phase or liquid ordered phase ( Fig.5A c, Fig. 5B-C) . Above 30% some samples 18 presented heights corresponding to L β in coexistence with lower regions (Fig.5B ). Except in samples 19 prepared with 50 % Chol at 500 rpm ( Fig.5A.1e ), in which the presence of Chol crystals and bilayers with 20 thickness in accordance with L β were observed. It is known that above 50% Chol DPPC becomes 21 saturated and Chol precipitates, this observation is in accordance with previous results. [58] 22 L β phase is easily distinguishable, while discriminating between interdigitated or liquid ordered phase is 23 difficult as both phases present characteristics heights of ~4 nm [28, 43] . However, we could observe a 24 clear change in the shape, distribution and size of the thinner regions with the increment of the 25 cholesterol ratio ( Figure 5.A) . At low Chol contents the predominant phase would be interdigitated due 26 to the small presence of Chol and the presence of lateral tensions. On the other hand, the lower regions 27 are not observable in 30% Chol content. Our interpretation is the following: the incorporation of Chol to 28 the DPPC helps to the fluidization of the lipid layer and to its lateral mobility. The absence of lower 29 regions at 30% of Chol could indicate a threshold value in which the lipid layer has enough fluidity to 30 avoid the interdigitation. For values above that, the layer is not only affected by the fluidity, and the 31 presence of liquid ordered regions is more evident. Thus, at low amounts of Chol lower regions would 1 correspond, mostly, to interdigitated regions, while above 30% they could be mostly associated to liquid 2 ordered regions ( Figure 5 .C). This hypothesis not only takes into account the change in the shape and 3 distribution of the domains, but also the change in the shape of the lipid layers which showed patterns 4 in accordance with an increased fluidity [22] . 5
These results indicate that Chol can modulate the presence of interdigitated regions in DPPC samples 6 prepared by spin-coating in air. Moreover, the addition of a certain quantity (in here 30 % Chol) allows 7 obtaining homogeneous heights and avoid the effect provoked by the lateral tension. 8 9
Conclusions

10
In the present study we have analyzed the presence of lower regions associated to interdigitated phase 11 ultrathin (single layer) spin-coated saturated lipid layers supported on mica in dry air. We have observed 12 that lipids with longer acyl chains, such as DPPC and DSPC, show the presence of bilayers with an 13 intermediate thickness between a bilayer and a monolayer, which is in accordance with the height 14 associated to interdigitated phase. Instead, low temperature transition temperature lipid samples, such 15 as DLPC and DMPC, do not show lower regions. We showed that the presence of alcohols do not affect 16 the total area of the interdigitated area (contrary to what happens in hydrated samples) while the 17 lateral pressure (represented by the spin-coating rotation speed) and cholesterol content have a 18 remarkable influence on their presence. In fact, the lateral tension due to the rotation speed was 19 demonstrated to be at the origin of interdigitation in dried bilayers prepared by spin-coating. We 20 showed that by adjusting the preparation procedure or the composition, for instance by adding 21
Cholesterol at certain concentrations, interdigitation can be reduced drastically or even suppressed, and 22 flat homogeneous samples can be obtained. This shows that, in addition to the case of unsaturated 23 lipids, it is also possible to prepare high quality planar lipid bilayer samples stable in dry environment 24 with saturated lipids. 
